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ABSTRACT
Within standard ΛCDM cosmology, Population III (Pop III) star formation in minihalos of mass
Mhalo & 5 × 105M provides the first stellar sources of Lymanα (Lyα) photons. The Experiment to
Detect the Global Epoch of Reionization Signature (EDGES) has measured a strong absorption signal
of the redshifted 21 cm radiation from neutral hydrogen at z ≈ 17, requiring efficient formation of
massive stars before then. In this paper, we investigate whether star formation in minihalos plays a
significant role in establishing the early Lyα background required to produce the EDGES absorption
feature. We find that Pop III stars are important in providing the necessary Lyα-flux at high redshifts,
and derive a best-fitting average Pop III stellar mass of ∼ 750 M per minihalo, corresponding to a
star formation efficiency of 0.1%. Further, it is important to include baryon-dark matter streaming
velocities in the calculation, to limit the efficiency of Pop III star formation in minihalos. Without this
effect, the cosmic dawn coupling between 21 cm spin temperature and that of the gas would occur at
redshifts higher than what is implied by EDGES.
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1. INTRODUCTION
The recent detection of a 21 cm signal at high redshift
has opened a new window for astrophysics at the dawn
of star formation (Furlanetto et al. 2006; Pritchard &
Loeb 2012). EDGES has measured a strong, global (sky-
averaged) absorption signal centered around 78 MHz
(Bowman et al. 2018). The absorption signal is broad,
and a factor of about three stronger than expected
within standard ΛCDM, where dark matter only inter-
acts gravitationally. If verified, that signal points to new
dark matter physics (e.g., Barkana 2018; Mun˜oz & Loeb
2018; Slatyer & Wu 2018; Fialkov et al. 2018), or an ad-
ditional radio background (Ewall-Wice et al. 2018; Feng
& Holder 2018).
In this study, we focus on a second characteristic, the
implied timing of early star formation. The absorption
signal starts at z ≈ 20 and is strongest at z ≈ 17, indi-
cating that at that time, the spin temperature of neutral
hydrogen is tightly coupled to the gas temperature.
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This coupling is mediated through Lyα-radiation via
the Wouthuysen-Field effect (Wouthuysen 1952; Field
1958). The critical Lyα background intensity required
for effective coupling has been estimated to be 1.8 ×
10−21 [(1 + z)/20] erg s−1 cm−2 Hz−1 sr−1 (Madau et al.
1997; Ciardi & Madau 2003). Pop III stars are typi-
cally more massive and therefore hotter than standard
populations, resulting in an increased Lyα luminosity
(Bromm 2013; Glover 2013). The role of X-ray sources
in shaping the thermal history of the early intergalac-
tic medium (IGM) is still uncertain (e.g., Jeon et al.
2014, 2015), and we thus neglect their contribution in
this study.
The Lyα flux emitted from the first galaxies has been
studied before in the context of EDGES, requiring large
star formation efficiencies to allow strong coupling be-
fore redshift z ' 17 (e.g., Madau 2018; Mirocha &
Furlanetto 2019). Here, we test whether Pop III stars
in minihalos significantly contribute to the overall Lyα
luminosity, and whether the combined star formation
activity at high z can provide the necessary photon flux
at the right time. Our analysis also provides an up-
per limit on the overall Pop III star formation efficiency
(SFE), as star formation cannot occur too early.
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We further include a crucial large-scale effect that in-
fluences Pop III star formation in minihalos, the rela-
tive motion between the cosmic baryon and dark mat-
ter components. These streaming velocities date back
to the epoch of recombination (Tseliakhovich & Hirata
2010), described by a multi-variate Gaussian spatial dis-
tribution with a standard deviation of σrms = 30 km s
−1.
The initially supersonic motion can be assumed to be
coherent over large (Mpc) scales, decaying as the Uni-
verse is expanding. One key effect is the reduced baryon
fraction in halos located within regions with streaming
velocities, which subsequently leads to a reduced halo
mass function (e.g., Naoz et al. 2012; Fialkov 2014). As
a result, star formation in such regions is delayed (e.g.,
Greif et al. 2011; Stacy et al. 2011; Naoz et al. 2013; Hi-
rano et al. 2018; Schauer et al. 2018), and the halo mass
necessary for Pop III star formation increases. When
estimating the star formation rate and Lyα-background
flux, we include these effects in our modelling.
2. METHODOLOGY
From recent simulations (Schauer et al. 2018), we
know the average minihalo mass Mave necessary for star
formation, depending on the halo’s streaming environ-
ment. Using the Sheth-Torman mass function (Sheth
et al. 2001), we then estimate the respective number of
halos that have crossed the mass threshold for star for-
mation. With streaming motions distributed according
to a three dimensional Gaussian (Tseliakhovich & Hi-
rata 2010), we can calculate the fraction of the Universe
exposed to a given streaming velocity. Convolving these
results, we arrive at an estimate for the number density
of star forming halos, as a function of mass and redshift.
In a second step, we parametrize the star formation
efficiency for these sources, distinguishing between a
Pop III and Pop II stellar component, as the first, metal-
free stars are more massive and therefore more luminous
(e.g., Bromm 2013; Glover 2013). Since star formation
in minihalos is very bursty, we assume a one-time star
formation event in each Pop III host minihalo, and a
fixed star formation history in the more massive halos
that host Pop II stars. Finally, we calculate the Lyα
background luminosity, based on the global stellar den-
sity. We provide best-fitting, combined Pop III/Pop II
models that match the redshift position of the EDGES
signal.
3. RESULTS
3.1. Threshold Masses for Pop III Hosts
We base our analysis on minihalos formed in the
Schauer et al. (2018) high-resolution cosmological sim-
ulations (see also Schauer et al. 2017). The simulations
are initialized at redshift z = 200 with Planck parame-
ters (Planck Collaboration et al. 2016), performed with
the AREPO code (Springel 2010), including a network of
primordial chemistry. To represent different streaming
regions, a constant offset velocity is added to the initial
conditions, with an amplitude of 0, 1, 2 and 3 σrms (v0,
v1, v2, and v3). For the 3 σrms case, a bigger box with
four times longer side length is also run (v3 big).
In Fig. 1, we illustrate the different effects of streaming
velocities. Specifically, in the left panel we show the
minimum and average halo masses for the corresponding
gas to become cold and dense in the center, and hence
eligible for star formation, as a function of streaming
velocity. Schauer et al. (2018) do not see any evolution in
the minimum or average halo mass, and we employ their
redshift-independent threshold values. In the following,
we work with the average halo mass, above which more
than 50% of all halos are star forming.
3.2. Halo Number Densities
We utilize the halo mass function python tool hmf
(Murray et al. 2013) to derive the halo number density
for star forming minihalos, N(M ≥ Mave), as a func-
tion of redshift and halo mass, with the same Planck
Collaboration et al. (2016) cosmological parameters as
Schauer et al. (2018). We chose the Sheth-Torman mass
function1, which is generally thought to fit better at high
redshifts (Reed et al. 2007)2. As evident in the middle
panel of Fig. 1, the halo mass function is reduced in re-
gions with streaming velocity. Specifically, we show the
fraction of the mass functions in streaming regions (vi),
relative to the no-streaming (v0) case, considering all
halos with Mhalo ≥ 4.8×105 M. This mass limit corre-
sponds to the minimum halo mass for star formation in
the v0 simulation. The halo number is only slightly re-
duced in simulation v1, but significantly so, at the 50%-
level, in simulations v2 and v3. At higher redshifts, we
have less data to sample as fewer halos have exceeded
the mass threshold, resulting in larger error bars.
To estimate how common the streaming regions are,
we derive their respective volume filling fractions (e.g.,
Tseliakhovich et al. 2011; Greif et al. 2011; Fialkov
2014). The velocity distribution follows a multivariate
Gaussian:
Pvbc(vbc) =
(
3
2piσ2rms
)3/2
4piv2bc exp
(
− 3v
2
bc
2σvbc
)
. (1)
1 We have verified that our main conclusions do not change for
a Press-Schechter function
2 We chose to work in this semi-analytical framework, as fitting
functions from simulations depend on the cosmology and are rare
at high redshifts (see Trac et al. 2015, for a WMAP cosmology).
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Figure 1. Effects of streaming motion. Left panel: Minimum (light blue stars) and average (dark blue dots) halo mass for star
formation in minihalos, as a function of streaming velocity (independent of redshift), based on Schauer et al. (2018), for their
v0, v1, v2, v3 big simulations. Middle panel: Relative number of halos for different streaming velocities, as a function of z,
considering all halos with masses larger than Mhalo ≥ 4.8× 105 M. The solid lines show the raw data, and the dashed lines our
redshift dependent linear fits. Right panel: Volume fraction as a function of streaming velocity, in units of σrms (independent of
redshift).
Integrating Pvbc to infinity, one can derive the fraction
of the volume with vbc or higher. E.g., regions with
streaming velocities of 2.0σrms or higher make up less
than one percent of the cosmic volume. In the right
panel of Fig. 1, we present the differential volume frac-
tion, which peaks around 0.8σrms. We note that regions
with very small streaming velocity are not common.
We present the results for the mass function of star
forming minihalos in Fig. 2, with values given in co-
moving units. In the lower panel, we show the differ-
ential halo mass function for different streaming regions
at redshift z = 20. For a given streaming velocity, we
apply the corresponding minimum mass cut (shown by
the blue dots), and multiply with the respective volume
filling fraction for an interval vbc −∆vbc to vbc + ∆vbc.
A volume filling fraction of 99% corresponds to a mass
threshold of 2.1×106 M. The black lines represent the
resulting differential mass functions in that streaming
region, and their sum equals the volume averaged halo
mass function, as shown in the middle panel. One can
see that the contribution to the mass function is largest
around vbc ≈ 1σrms. Combining these results, we de-
rive the cumulative halo mass function for star forming
minihalos, averaged over the various streaming regions,
shown in the upper panel of Fig. 2 for redshifts z = 15,
20 and 30. When accounting for streaming velocities,
we find up to one order of magnitude fewer Pop III star
forming minihalos, with a comparable effect on the high-
z Lyα background flux. It is therefore important to in-
clude the impact of streaming motions in any realistic
modelling.
3.3. Star Formation Models
Star formation at high redshift is typically very bursty.
After the first stars have formed in a minihalo, their
feedback can prevent further star formation until the
halo has grown to higher masses and new gas has fallen
in (e.g., Pawlik et al. 2013). For higher mass halos, how-
ever, continuous star formation is possible, from gas that
is already metal-enriched. To mimic this dependence
on halo mass, we apply a mass threshold, where bursty
Pop III star formation transitions to a near-continuous
mode. We here make the implicit assumption of in-
stantaneous star formation once the mass threshold is
crossed. Pawlik et al. (2013) have found in their sim-
ulations that the transition in star formation mode oc-
curs at M threshalo ≈ 1 × 108 M, and we adopt this value,
for simplicity assumed to be redshift-independent. We
summarize our model in Table 1, where star formation
efficiencies are free parameters. In addition, we consider
a comparison model without streaming velocities. We
calculate the total physical star formation rate density,
ρ˙?, as a combination of the Pop III and Pop II compo-
nents:
ρ˙III? =M
III
?
dNhalo
dtdV
(2)
ρ˙II? = SFE fb
dMhalo
dtdV
, (3)
where fb = Ωb/Ω0 = 0.16 is the halo gas fraction, as-
sumed to be equal to the global baryon fraction.
Our results are presented in Fig. 3, with (comoving)
star formation rate densities shown in the middle panel.
We choose values of 100 M, 1000 M, as well as our
later determined best-fit model with∼ 800 M in Pop III
stars formed in a minihalo, and Pop II SFEs of 1% and
5%. One can see that Pop III stars initially dominate,
with Pop II star formation becoming important after
z ≈ 20. Neglecting streaming velocities (dot-dashed
lines) leads to unphysically high values.
In the lower panel, we assess at which star forma-
tion rate densities the mass threshold dependent on a
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Figure 2. Halo mass function. Upper panel: Volume-averaged cumulative mass functions for star forming minihalos for z = 30
(turquoise), z = 20 (green) and z = 15 (dark green), weighted by the volume fraction of different streaming velocity regions.
Middle panel: Differential mass function for star forming minihalos for the same redshifts. In the upper two panels, the grey
dotted lines show the situation without streaming velocities. Lower panel: Mass functions for star forming minihalos for small
intervals around vbc, with ∆ vbc = 0.1σrms, evaluated at z = 20. Select velocities are highlighted with the dark blue lines. In all
three panels, the vertical lines show the halo mass limit for star formation for the v0 (solid line), v1 (dashed line), v2 (dotted
line) and v3 (dash-dotted line) cases.
Model Mhalo SFE N˙ion t?
Pop III Mave < Mhalo < 1× 108 M M III? per halo 1048 s−1 M−1 3 Myr
Pop II Mhalo > 1× 108 M SFE = M II? /Mgas 1047 s−1 M−1 10 Myr
Table 1. Star formation parameters. M
III/II
? is the total stellar mass in Pop III/II, and t? the typical lifetime of massive stars.
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Figure 3. Upper panel: Comoving density in massive stars
as a function of redshift. Middle panel: Comoving star for-
mation rate density. We show the results for a Pop III com-
ponent (dashed lines) and a Pop II component (dotted lines)
alone, as well as the combined models (solid lines). The dot-
dashed lines show Pop III models when neglecting stream-
ing velocities. The magenta line shows the star formation
rate density from Jaacks et al. (2018) for comparison. Lower
panel: Comoving star formation rate density above which
a LWBG provides the stronger constraints on the minimum
halo mass.
LWBG becomes more strict than our halo mass thresh-
old. Hereby, we convert the star formation rate density
to a LW flux based on a calculation by Johnson (2013).
Then we derive the halo mass threshold for star forma-
tion based on the LWBG flux with two literature models
from Machacek et al. (2001) and Visbal et al. (2014). In
this way, for any given SFRD, we can calculate the mass
threshold set by the corresponding LWBG, and evaluate
whether the effect of a LWBG is dominant by comparing
the LWBG-based mass thresholds with those dictated
by streaming velocities. We chose the mass thresholds
of 1.6×106 Mand 2.1×106 Mto compare with, corre-
sponding to our minimum halo mass for 100% and 99%
of the volume of the Universe (based on the stream-
ing velocity distribution). One can see that our fidu-
cial model lies below the Machacek et al. (2001) SFRD
threshold at all times, and that the LWBG constraint
from Visbal et al. (2014) only takes over at redhshifts
z < 20 for a volume fraction of 99%. When consider-
ing streaming velocities, an additional LWBG does not
change the SFRD at these high redshifts.
The corresponding total (comoving) mass densities in
massive stars can be obtained by integrating over the
stellar lifetime (see Table 1), shown in the upper panel
of Fig. 3. As massive Pop II stars have ∼ 3 times longer
lifetimes, their contribution to the total stellar density
is a factor of ∼ 3 higher, compared to the star formation
rate density.
3.4. Lyα Background Flux
The Lyα background intensity can be calculated by
integrating over the photon sources in a cosmological
volume large enough to allow photons to redshift into
the Lyα line. For simplicity, we include all photons be-
tween the Lyα resonance and the hydrogen ionization
limit, resulting in (1 + zmax)/(1 + z) = 4/3. We fur-
ther assume a pure blackbody and use effective temper-
atures corresponding to the ionizing photon numbers for
Pop III and Pop II stars (see Table 1). Following Cia-
rdi & Madau (2003), the Lyα background intensity from
Pop III stars is then
Jα(z) =
c
4pi
∫ zmax
z
dz′
dt
dz′
(1 + z)3
(1 + z′)3
jν(z
′). (4)
The proper specific intensity jν(z
′) can be derived
from the spectral energy distribution and the proper
stellar mass density:
jν(z
′) = Lν(z′)ρ?(z′) =
L
σBT 4
piBν(T, z
′)ρ?(z′), (5)
where the luminosity can be approximated by the Ed-
dington limit L ≈ LEdd = 1.25 × 1038erg s−1(M/M)
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(Bromm et al. 2001), σB is the Stefan-Boltzmann con-
stant, T the effective temperature of the black body, and
Bν(T, z
′) is the Planck function. ρ?(z′) is the proper
stellar density of all Pop III stars which have not ex-
ceeded their lifetime. The calculation for J IIα follows
analogously.
The EDGES result implies that the spin temperature
of neutral hydrogen needs to be efficiently coupled to the
kinetic gas temperature for z . 20. This can be achieved
when the thermalization rate due to Lyα scattering is
stronger than the coupling between the spin temper-
ature and the cosmic microwave background. Evalu-
ating this condition, Ciardi & Madau (2003) find that
Jα & 9×10−23(1+z) erg s−1 cm−2 Hz−1 sr−1 is required,
and we use their estimate in our analysis (see Fig. 4).
In the lower panel of Fig. 4, we show the best fit
models. For a Pop II component alone, we would re-
quire an unphysical SFE of > 100%. We thus conclude
that Pop III star formation is crucial in this context
and should not be neglected. Alternatively, Mirocha &
Furlanetto (2019), who do not include minihalos, have
to assume a steepening of the UV luminosity function
at high redshifts. It is also important to include a treat-
ment of streaming velocities, as one would otherwise
predict efficient Wouthuysen-Field coupling too early in
cosmic history, incompatible with the EDGES timing
constraint. If we consider a combined Pop III/II model
with a plausible Pop II SFE (less than 10%), we infer
a best-fit average value of ∼750 M in Pop III stars per
minihalo (solid lines in Fig. 4). This corresponds to an
average SFE of 0.1% for the streaming velocity averaged
halo mass of 4.4× 106 M.
4. CONCLUSIONS
We have shown with an idealized, semi-analytic model
that Pop III stars are crucial for establishing a strong
Lyα-flux early in cosmic history, which in turn can cou-
ple the spin temperature to the gas. While we include
a detailed treatment of streaming velocities, we make a
number of simplifying assumptions. Our study does not
address the absorption depth, in the context of interact-
ing dark matter (Barkana 2018). Such interacting dark
matter could prevent halo formation at high redshift, or
heat the gas in halos with streaming motion between
DM and baryons (e.g., Hirano & Bromm 2018).
In our analysis of the Pop III stellar component, we
do not include Lyman-Werner radiation, which can de-
lay the formation of the first stars, thus having simi-
lar consequences as streaming velocities (e.g., Machacek
et al. 2001; Safranek-Shrader et al. 2012). However, an
exploratory analysis has shown that streaming velocities
impose the tighter constraints on 99% of all minihalos
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Figure 4. Lyα-flux as a function of redshift for our differ-
ent models. Line styles and colors in the upper panel are the
same as in Fig. 3. In the lower panel, we show our best-fit
models for a Pop II component alone (dotted orange line), a
Pop III component alone (dashed green line), a Pop III com-
ponent that neglects streaming velocities (blue dot-dashed
line), and best fit models with a Pop II SFE of 1, 5, and 10%
in combination with a Pop III component (solid lines). The
red dot-dashed line shows the Lyα-flux necessary for effec-
tive coupling (from Ciardi & Madau 2003). The shaded red
area on the left represents the EDGES timing constraint.
in our fiducial model. The interplay of Lyman-Werner
radiation and streaming velocities is not yet known, and
we plan to update our analysis once quantitative esti-
mates are available. Our calculation assumes a top-
heavy initial mass function (IMF) for Pop III, result-
ing in a higher effective temperature and thus a higher
photon flux than the Pop II counterpart. However, the
lifetime of Pop III stars is a factor of ∼ 3 smaller than
for massive Pop II stars, thus leading to a three-times
smaller aggregate production of Lyα-photons per stel-
lar baryon. However, even with this factor of three,
the Pop II SFE would still exceed > 30%. A top-
heavy IMF is thus not necessarily required to explain the
EDGES signal, but a high-z contribution from minihalos
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is. Streaming velocities suppress star formation in low
mass halos, and therefore increase the required average
stellar mass per minihalo by a factor of ∼ 5. Further-
more, our results disfavour dark matter models, which
aggressively suppress the formation of small scale struc-
tures, such as axion-like ultralight dark matter (Sullivan
et al. 2018), or some warm dark matter scenarios (Dayal
et al. 2017; Safarzadeh et al. 2018). 21 cm cosmology
clearly has tremendous potential to enhance our under-
standing of how primordial stars transformed the early
Universe.
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